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ABSTRACY

A formla for ths rats of propagation of isotashs on & constant oressure
surface is derived and a oomputational routine, developed during a period of
experimental foreeasts is desorided. The werification of the 2i~heur fore-
ossts made to date is deserided.

The wind puttern in the high troposrhers fluotuates strongly from day to
daye Centers of high and low wind speed sitvated along the axes of jet sireanms
st 300 mb or 200 mb propagate downstrsam and \n some measurs we can set dcwn
their behavior in model form (8). But the propagation in many situations is
s0o erratic that simple extrapolation seldom has proved satisfwetory for 24 hours.
It would de of prastical value to develop oomputations that permit an odbjestive
oonstruetion of jet stream prognoses.

The problem falls in two parts:

(a) Prognosis of the field cf wind direotion;
(b) Prognosis of the field of wind speed.

F. Defant (2) has desoribed a generally sucoessful technique to predict
the field of wind direotion. Here we shall only take up the prognosis of
wind spesd. 1t is our plan to find kinemstioal expressions for the rate of
propagstion of isotaochs (lines of equel wind speed) and points or lines of
maximum or minimum spseds Then ws shall see how these expressions ean best
be evaluated on syroptis charts, and what results have besn obtained with
prognoses made during e preliminary trial period.

IP\rtioipcted under ocontrasts between the 0ffice of Kaval Ressars’,
the Bureau of Aeromautios and the University of Chieago.

2P\rtioipcted while on detached servioe as & student at the University
of Chioago.
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Mathod: The geversl kinematic expression for the rate of propagation
704{) of an isotach (of. also Petters:en (7)) ocan be written

1 F 7 %t/%f) (1)

where the s-axis points along the streamlines. S8inoe the direction of this

axis is not oonstant in time or syece, its ochanges must be taken into acccunt
in applying equation (1). This oan be done with the “trajeotory methed"
desoribed by Petterssen (7).

The main problem is the evaluation of the rate of local change. We ocan

solve it by making use of the equation of motion along the streamlines in a
oconstant pressure surface,

ﬁ(z "ﬁtg?' (2)

Here v iz the wird speed, g the acceleration of gravity, h the height of a
given isobaric surface and d/dt the substantial time operator. By definition

fi-.=%+v%.

Introduoirg this relation and equation (1) in equation (2), we obtain

(V‘C')%sz - -#%,

and solving for the rate of propagatien,

G "V‘*?z’g‘/%ffo (s)

Replacing the partial differentials by finite differemces,

h
Ci*\’*?%x‘z‘)-.

(4)
8imilarly, for a point of max‘mum or minimur speed,
) Y
Cwm= — 75’ )/JS o
Proceedinz aas hefare, w‘\
N
Cm = V + ?Avv . (s)

All further disoussion will refer to cjuatiocn (4) sinoe equation (5°
has not yet been triei out in praotice.

Appliocation of the mixed kinematio-dynamioal equation (4) involves
ovaluation of the oror -cortour flow, and this has always been rerard.c
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&s impoessible in the psst. It has been esserted that the observational errors
are suffisiently great and that the stetion dersity emywhcre is suffieiently
low that 1t i1s slways possible to fit the oontour direstion to the winde. This
ie usually true, especiaily in the lower troposphere. Even at 70U mb, however,
there are¢ oeses "n record iz artieyolonis situations when it is impossible to

ftraw tbe oontoure parallel tc the winds and when the anklyais shows & strong
flow towerd higher econtours.

¥While good obssrvational evidercs as yet i3 socarty, there is every indlca-
tion that the gradients of wind speed alcong the streamlines cen be very strong
in the high troposphere near ths jet stream axes (8)e Oliver (&) Las published
time sections of observed winds aloft that give veriations of over 100 kmots/8
hours. If we oan interpret these variations ac indiostive of changes of wind
speed along a streamline rather than as lateral shifts of » whole peattern, it
follows readily that the angles of oross-sontour flow mmst be larges Further,
we oall attention to the paper of Neiburger et al (5) who did not find a sstis-
fastory ecrrelation betwoen geostrophiec or gradient and observed wind, and to
that of Houghton and Austin (4) who emphatically pointed to the great magnitude
of tho observable acoelorations aloft. J. Bjerknes (1) also bases some of his
most reoext deduetions on deepening on observable departures from gsosirsphie
or gradient wind in the high troposphere.

It is certainly legitimmte to adopt the experimerntal standpoint that on
many days the upper wind obssrvations at 300 mb over the United States are
sufficient to permit the drewing of separate streamline and sontour fields.
Two things then shonid show ups

(1) The streamlinss usually should point to the left of the econtours
where the wind spoed incrsasec downstream. They should point to ths right of
the oontours where tho wind spwed deoreases downatream.

(2) Appreciabie angles betwsen contours end streamlines should be
observed.

In the oourse of expsrimentation with the 300-mb charts of Cotober to
December, 1951, the first sondition was always met or deys when the number
of winds was suffieient for the construstion of streamlines. Ever with
perfect data, this need not have beer observed of necsssity. Ejuation (4)
is not a complete one and some termz could bs added, for inatanse a vertical
motion torm. The latter, of aourse, is sero at the surface of strongest
wind which does not coincide in gerneral with the 300-mb level. But the sign or

turned out to ve quite oonsigtente The term alweys aoted in a retarding

sense, i.e., the isotaoh patterns propagated slower then the wind. In future
experiments it may be profitable to write equation (4) for an isentropie
surinsce.

L ]

The sesond oondition was investigated statistioally by noting the angle
between contours &nd streaxlines (in degrues) in a sample of 257 oases, all
oevalnated within jet stremm zones at peints whers an actual uppsr wind
observation was available, This statistis kept track of the sign in addivicx
to the magnitude of the angle of deflection. The sign cf defleoction was nut
systematio, as should bs sxpeoted and the result, shown in figure 1, is '
presented without respest to sign. It is seen that the winde were parallel
to the contours only in 25%, or if all angles of 10° are reckoned as s&n error,
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in 50% of the sample. Une quarier of ell cases had angles greater thar 20°.
Wo see that figure 1 furnishes good indications of the existense of large
ancelerations aloft.

Evaluation of equation (4): Of the two quantities that determine the speec
of propagation, v is immediately given since g soalsr magnitude squals t2at

of the isotach to be moveds The emount of , depends om the intervel AS

over which the term is measured; A oriori there is no guide to evaluate the
term, exospt that AS evidently should not extend beyond points of rwximun and
minimum wind. Therefore it is most suitable to chcose an erngineering auyr~ache
If ws take a series of past maps, we ocan determine o; by comparing successive

charts, We ean then treat g gé‘ 28 the dependent variable and find that

interval AS over which g &% should be measured to give the best fit in
equation {4). b

Four oholces of AS were tried ocut following this approash, illustrated
in figure 2, Relative to point F, to be moved, we chose

(1) upstream from P to the intergeoction of the streamline with the
isolash 1,, and the same distance downstream from P;

- (2) downstresm from P to the intersection cf the streamline with the
next isotach i5, and the same disztanscs upstresm from Pj

(3) as 140 miles (2° latitude) upstream from P and the same distance
downstream;

(4) upstream from P to the point where the streamline beoomes parallel
to the contours, ard the sams diztaroe dovmstream from P

Figure 3 shows the result of the computations for the sample of 100 cases
testede Evidently the fourth method gives the best results by far and it was
uzed in all prognoses made. Due to limited time, we did not try other possi-
bilities. Theres is no oogent reason why new trials ocould not develiop &
routine that would provide still better fit.

A variation of the fourih method must be applied when the interval
upstrean frcm P bLecomes eo great that measurement of the same interval down-
stream from P takes the endpoint beyond the wind maximume In that oase the
sign of ﬁ-bv changes inside AS and this is olearly not permissible. 1In
thia case we go downstream to the maximum from P and then the same distance
upstream.

Pigurae 4 ia & nomogram that gzives a graphieal solution of the seoond
term of equstion (4). "

Prognostio procadufes The ohart material reguisite for the predistion
oonsists in

(a) 8tresmlins~isotach analyses at 300 mb or o‘eﬁar okosea sur-fece
[/ for techniques to prepare the isotach analysis, see (8) 7

{b) Contour analyses with 200-foot spscing drawn independenti: - ..«
the sames surfave.
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Prognosis of the contour field with the method of F. Defant (2) 1s the
first step of the routino. The prognostis oontourz must serve as prognostie
streamlines. Thias iz & drawbask, n~iuce orrors are unsvoi ably iutroduced in
moving the isotachs. Ags yet, however, we do not know a methuc for prediction
of the field of wind direotion from wind data elone.

Tho question may be raised here if it would not suflice to oompute the
wind speeds from the prognostio contours. We hare tried this end in genersl
obtained much better results with the teohnique here dosoribed.

Initial oontour and streamline fields are nuxt siperimposed and ohecksd
for oopmistensy of the qrossings beiween streamlines erd coutours as desorided

earlier. Then we compute o; for @s many points I* as possible, and in the future

oaloulations of oy should be addeds We also rote the aresas where stresnmlines
are parallel to the ocontours over large distanccs. There, of course, little
ochange should tal place.

As a third and final step, we move all points F for whioh o, haz been
oaloulated and draw the prognostio isotaoh pattern. The fellcwing points
should be noted.

(1) The isotachs are nearly always progressive. They propagate more
slo®#ly than the windes During the tests, e few stationery cases oncurred
but none that were retrogr-ade,

(2) The msthod allows for changes of shape of the pattorns. Frequent
among these are elongation (Fig. 12) and eontraction (Fige 6).

(3) The wethod allows for the junoture oif suocecsive maxima, diecussed
&t the end of the paper, and for the disappearance of isotachs. If the rear
¢nd of a closed iszotach moves more rapidly than the front end, the ares
anolosed by the isotach must dizminish with time and the whole isotach dis-
appears wher the rear end oatohes up with the leading edge,

(4) the method is not capable of predioting the formatic: of new
iaotache whio® must be done by jqualitative mathods in oonjunstion with the
swfeoce map (8)s Frequently we note that the rear end of a high-speed
isotach sush as 150 knots moves slower than the front end leaving a broad
flat area inside with strong gradients outside. In such oases 1t is quite
sales to draw a 173~knot isotacn, sometimes even a 200~knot isotaoh insids.

(5) The prognosis for the western border areas of the United 8tates is
hampsred by laok of data over the Pacific Ocean, When the winds aloft have
s strong msridional oomponent, shortage of data outside the United States
will affeot the prediction in any border area.

(8) Sometimes a wind maximm was predictod to be stationmary but the
oontour prognosis gave an eastward shift of troughs aand ridges. The wind
pattern then had to be moved eastward with the speed of the wave pattern.

(7) 8ome subjeotivity remsins in the method and a foresaster will
reed a oertain amount of expericnce in the drawing of the {14l wind teld.

It ahould not be forgot*en that tiie spesd o: is spplied to Z4-hour intervals
and that socelerations of 3+ ars not ecompuied.

A
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Examples of computation of ¢4: Figures Sa-c show streamlines, isoctechs
and contours &% 400 mb for & part of the United States on November 2, 1961,
0300Z, 1In practios these charts should be superimpcsad on a light teble for
computation. Here we have repeated the pertinent parts of the streamline
anslysis on figures €b-oc for illustratiocn pwrposes.

We wish to ccmpute o; at points & to Be Taking at first point A on the
125 knot isotach, we find that point upstream along the siresmline passirg
through A where the oontours and streamlines become parallel (Fige 60)s Wo
note that this peint coinocides with the point of highest wind speed along the
streamline (Fig. 6b). Going the same distence downstream from A we observe
that we have not passed beyond the weak minimum downstream (Fige. 6b)s Thus
AS as maried by the portion of the streamline drawn heavy should prove satis-
factorye

We find that v at the upstream end of AS is 175 knots and about 85 knots
‘at the downstream end (Fig. 6b). Thus AV =-90 kmots. the same distance
Ak = 4350 feet (Fige 60)s Entering figure 4 woe find g = =47 knots, in
rourd numbers ~50 knots. Finaliy, oy = 125 knots - 50 kmots = 76 knots.

Procesding in the same way at point B, we find AV = =80 knots Al = +200
fests The retarding term is only ~30 knots and the speed of the isotach
95 knotue

At point C, AV = -50 knots, Ah = 4150 fest. The retarding term again
is 35 knots and the speed of the isotach 95 kmots.

These results show that the southern end of the 125 knot isotach will
move faster than the norther- end, so that the shape of the pattern will change.
The computed speeds are high, much higher then observed in many cases. In
order to hold the prepezation of the pattern to around 35 knots, a frequently
observed welua, the retarding term would have to smount to 90 knots, requiring
Ah As 00 to 700 feet in view of the gradient of v present. This in turn
would mean & much stronger angular departure of the streamlins from the contour
directicn. Rapld isotuch displscements do oocour st times, of course. In the
present nsaze, the area of high wind slongated to somewhsre in the middle of
the Atlantie O.ean on the next day.

Along the northernmost streamline, we also ecompute the speed of the
100 !mnot isotach at peint [ and that of the 150 Imo {aot&oh at point E. Az
D, AV = 100 knots. &N = +400 feet. Thus 63 = 100 knots.- 45 kmots = 55
Imote. At B, AV = 80 knots, Al = +300 feet. Thus &17. 150 knotz -
45 knots = 105 knotse.

This computation tells us that the high-speed isotachs are catching up
with the low spesd iszotachs, so that within a few hours a iime of higi-lsvol
wind discontimuity should be moving thirough the eamtsrn United Statez. As
yot 1t is a matter of hypothesis whether sush discontinuities actually exist
aleft. A much cloaer network of observaticns than now existent is required
to invsstigate this hypothesis. We have some further comments orn this
subjuot at ths end of the papere.

Verificavions Figures 7-9 show initial pesttern, prognosia and verifi-
cn for Decemter 11-12, 1551. The result was about average. Experimental
y prognoses wsre made for about one month.
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Froz the rrognostio ocharts the vresoribed wind direotion ari speed was
read for up %o 25 rawinsonde stations scattered ghrough the United States east
of 110°W, These were verified against observed wind ac given by rawin or
30,000~foot pibal. When the verifying wind ems missing, 1t was interpciate
from the analysis. In oases zhen an isotach ocenter intensifisd, all stations
affeoted were cisearded sinoe the method does not predist vhe formation of rew
jisotachs.

The wind direction was verilied to the nearest i(° and wiud speed to the
nearest 5 knots. Figures 10 and 11 show the reasult, again without respect to
sign, sinoe the errors were not systematio in that rocspecet. Wind direotion
veririea within 20° in 756X and wind speed verified within 30X in 85% of the
257 cases. The sample inoludes all the initial prognoses when the writers were
Just setting up the computations and as yet ware without any experience. A new
sample should show considerable improvement of skill.

It should be expeoted that t.ie verificaticn of wind speed will lag that of
wind direction in practice. Over the largest part of the map, the wind direotion
in general changas oanly slowly with time, and space gradients also are weak.

Wind speed, in contrast, has very strong gradients, especially along the
ncrtharn rim of jet axes where speeds can drop from 200 knots to 50 knote
within 200 miles. A sliguv error in plaocing the jet axis then oan produce s
sovere error in the prognosis of wind speud. The poor forocasts recorded in
figure 11 were of this kind; thry do not irdicate that the prediction of the
whoie isotash configuration failea.

Change of shape of let centers:; In the ocourso of the prognostic work it
becars apparent that the o centers of maximum lpeed along the jst axes had a
definite 1ife history that repeated with sufficient regularity to warrant
setting it down in model forme Figure 1¢ illustrates this preliminary model.

We begin with a symmetriocal distributioun of isotachs along the jet axis
(Fige 12a)s Subsaquantly we observe that i1 general the isotschs downstream
from the maximmm move faster than those to the rear. Herewith the area
enclused by the 100-knot isoteoh in figures 12b-o inocreases and ths slow area
along the axis between the 100-knot isotachs deocreases. In addition, tho
high -~peed isotaohs move faster than the elower ones. With time, they becowe
crnwded in a narrow leading edge (Fig. 12c). Then a :apid adjustment of the
wind field takes place. The slow area ahead of the maximum is wiped cut as
the 100=kmct isotach, perhaps even the 160-k.ot .soteach, opens up tc =erge
with the isotazhs of the maximum farther downstream.

It is easy to postulate a stage, intermediate between figures 120 and
1¢ when an aotual wind diseorntinuity forms the leading edge. Special obser-
va: _ons ave raquisite to invsetigate thia hypothesis, since the rcuiine
ochaarwations are too widely spsced and too infrequent for this purpose. If
true, however. it becomes rational tc study the jet strearm dynamios witn the
"hydraulio jump" model, first .ntroduced in meteorology by Freeman (3).

The reader ¥ill note that figure 12d is drasn in such & wa, ac L. -~ -ziv
a subsequent return to figure 12a. Suoh is not always the e4is9. Spuaxki.
broadly, we can aay that a jot stream as a whole has a cofirite iif: history
that consists of a period of organitation and a period of decaye I.igures
12a=c are models of the jet stream when fully organited. Eventually, afier
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several days or perhaps even a woek unc more, figure 12c is replmaed by
figure 12¢ rather than 12d. All mexima along the ourrent combine and wind
speed slong it becomes uniforme Thia stage presages breakdown of the ocurrent
into numsrous jet "fingers,”™ and disintegration. &t this time it is not
possible to enlarge on this subject, except by way of hypothesis. Future
studies should developa more rigorous dssoription of the life oyole of jet
streams and the laws that govern it.

Conclusions This repartv should be looked upon as an initial experiment
in quantitative foreeasting of the upper winds at the jet stream level. The
resulte indicate that the method has definite promize. As we have pointed out
throughout the peper, improvement should be possible in many ways as experismce
scoumulates. One of the drambaoks is the feot that high-level winds are still
=38rcs on many days even sver the United States. We note, however, ihe large
inorease in observations aloft in recent years. If this trend oontinues, perhaps
at an accelerated pece, then the computations outlined should provide a quieck
and fairly relisble methods Since no equipment is requisite that is cut of the
ordinary, prognoses oan be made readily by mobile field units.
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Figure 1. Acoumulative percent frequensy of departurc of
observed wind direction (without respect to sign) from
the dirsction of the 300-mb contours (tens of degrees)
in jet ctream zones for a ssmple of 257 cases taken
from the period October to December, 195l.
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Figure 2, . Illustrating determination of len%th interval
A s over which second term of squaticn (4) is to be
measured.



Figure 3

Paroent dspsriure of camputad from observed retarding term

in equatim (4), in perocent of the aample of 100 cases tested.
Th2 linss corrscpond to the four cholces of A8 desaribed

in the text:r oholoe 1, dotted; sholoce 2, dashed; ocholng &,
dash~dotted; sholse 4, solid,

Figure 4

Fomogrsm for computation of retarding term in equation for
propsgation of isctacke, On an interseotion of a AV
and AM line resd the amount of reterdation in Imots
given. by the slcping line,
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Pigure 8a

Streamlines at 30Q mkt, Nov. %,
196, 0400Z, Direstim ¢f
cbserved winds show: by
feathered arrows,
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izg

atreamlines,

Fignes 3k

she (kmets) et 300 mb,
Nowe 2, 1951, 0400Z, Toxt glvee
sampls samputation of the dis=~
pidocsment of ths imotacha at
piints A to E, B8treamlines passing
through these polnts repeated from
1igice Ca, axtendei over appropriate
dargth intecval using figare 8:,

Iz otache

Flgurs 83

30Q-mb ocontours in 200-foot ine
tervals (L00%'s £+, fivas nuomber
onitted), Nove 2, 1961, 0400Z.
The stresmiines passing through
points A, L.and ¢ are again showr
sxuended vver the propéer T DNkw-
interve., t3 obtein AHe
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Flgurs

Stremnlines (30lid) and isotasts {kucts, deshed) at 300 mb,
Deoscber 1i, 19853, 030CZ, Heavy iices mark axes cof highest
wind speed, "S™ danotes slow arescs,

Figure 8

Streamline and isotach prognosis et I00 mb for Desemoer 12,
1961, Q3C0Z.
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Figure 0

Accwznletive percent frequenoy of
dep rture cf observed wind direstim
(witiout respect to sign) irom pre-
diocted wind direction at SO0 mb
(tens of degrees) for 2t casene
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Streamlines and isotachs at 300 md, December 12, 1961, 0OS0CZ,

figure 11

documiiistive parqaunt frequensy of 3,-
parture c¢f cbservad wind speed at 300 mb
from computed wind speed (in £ of
otserved wdod speed) for 257 osses.
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Figurs 12 Pive stages during sestward progrsssion of maximmm along
Jat stream axis. Isotechs iz kmots.
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